During development, multipotent progenitors undergo temporally-restricted differentiation into post-mitotic retinal cells; however, the mechanisms of progenitor division that occurs during retinogenesis remain controversial. Using clonal analyses (lineage tracing and single cell cultures), we identify rod versus cone lineagespecific progenitors derived from both adult retinal stem cells and embryonic neural retinal precursors. Taurine and retinoic acid are shown to act in an instructive and lineage-restricted manner early in the progenitor lineage hierarchy to produce rod-restricted progenitors from stem cell progeny. We also identify an instructive, but lineage-independent, mechanism for the specification of cone-restricted progenitors through the suppression of multiple differentiation signaling pathways. These data indicate that exogenous signals play critical roles in directing lineage decisions and resulting in fate-restricted rod or cone photoreceptor progenitors in culture. Additional factors may be involved in governing photoreceptor fates in vivo.
Introduction
Retinal cells are born in a prescribed and sequential manner during development (Turner and Cepko, 1987) . Previous studies (Holt et al., 1988; Turner et al., 1990; Wetts and Fraser, 1988) showed that retinal progenitor cells can give rise to heterogeneous clones, but it was still unclear whether multipotency was a common feature of all retinal progenitors, or whether this potency became restricted with continuing progenitor divisions. Recent live-cell imaging techniques have shown that some late retinal progenitors may be programmed to produce specific combinations of retinal cells (Cohen et al., 2010; Gomes et al., 2011) .
Adult retinal stem cells (RSCs) are rare pigmented cells in the ciliary epithelium at the retinal periphery of mice (Tropepe et al., 2000) and humans (Coles et al., 2004) . RSCs proliferate in vitro to give rise to spheres of stem/progenitor cells and can differentiate into all retinal neural lineages, including photoreceptors, as well as retinal pigment epithelial (RPE) cells (Tropepe et al., 2000) . While some labs have challenged the stem cell nature of the RSC (Cicero et al., 2009; Gualdoni et al., 2010) , others have confirmed RSCs as stem cells (Coles et al., 2004; Ahmad et al., 2000; Abdouh and Bernier, 2006; Inoue et al., 2010; Demontis et al., 2012; Del Debbio et al., 2013; Fang et al., 2013) . One lab has argued a transdifferentiation origin for RSCs (Cicero et al., 2009) ; however, this is unlikely given the ability to prospectively enrich a rare clonal population from the ciliary epithelium with stem cell properties (Ballios et al., 2012) . Transdifferentiation is defined as the conversion of one differentiated, non-stem cell type directly to another differentiated cell type, and has been demonstrated in the retina of amphibians as well as embryonic chick and rat by manipulation of exogenous growth factors (Park and Hollenberg, 1989; Opas and Dziak, 1994) . Prospective enrichment of a clonally proliferative and multipotent retinal stem cell based on the criteria of size, pigmentation and P-cadherin levels (Ballios et al., 2012) suggests that transdifferentiation is an unlikely mechanism to describe these results. Additionally, in both Chx10-null and Mitf-null mice with reduced neural retinal and RPE progenitor populations, respectively, a 3-8 fold increase of RSCs was observed (Coles et al., 2006) . If this was due to ciliary epitheliumtransdifferentiation, then in the Mitf-mutant, fewer pigmented epithelial cells should be available for transdifferentiation into RSCs.
We previously found that combinations of taurine (T), retinoic acid (RA), Fibroblast Growth Factor 2 (F) and heparin (H) (T + RA + FH) added to differentiating clonal RSC colonies increases the number of rods to 90% of all progeny (Demontis et al., 2012; Bassett and Wallace, 2012) . These terminally-differentiated cells show no evidence of pigmentation by electron microscopy and display multiple markers of mature rod photoreceptors (Ballios et al., 2012) . The time courses for the expression of immature (Neural retina leucine zipper, Nrl+) and mature (Rhodopsin+) rod markers by RSC-derived rods closely follow the profile of Nrl/Rhodopsin expression during rod development in vivo (Akimoto et al., 2006) , suggesting adult RSC-derived rods in vitro may pass through a similar intrinsic differentiation program as newborn rods in vivo. In this study, we investigated the hypothesis that T + RA acts directly on early RSC progeny in an instructive, rather than permissive manner, to bias photoreceptor differentiation through the enrichment of rod-specific progenitors.
Several studies have suggested that the cone fate may be a default pathway of photoreceptor development (Akimoto et al., 2006; Mears et al., 2001; Brzezinski and Reh, 2015; Szel et al., 1994) . For example, deletion of Nrl leads to the complete loss of rod function with normal cone function, mediated by short-wavelength or S-cones (Mears et al., 2001) . Likewise, retinoid-related orphan receptor β (RORβ, a rod and cone differentiation regulator) knockout mice lack rods and show an excess of S cone-like photoreceptors, recapitulating the effects seen in Nrl −/− mice (Swaroop et al., 2010) . Finally, studies on the ontogeny and evolution of photoreceptors suggest that the S-cone represents an evolutionarily older form of photoreceptors (Szel et al., 2000; Kim et al., 2016) . To study whether S-cone is a default pathway for retinal progenitors, we used COCO, a Cerberus/Dan family member that inhibits BMP, Nodal/TGFβ and Wnt signaling pathways to block other retinal cell fates. COCO has been previously used to induce the differentiation of human embryonic stem cells into cone photoreceptors, and has been shown to be a powerful neural and photoreceptor inducer (Zhou et al., 2015) . The cell biological mechanisms underlying the production of cone photoreceptors by COCO are not known, but we hypothesize that it may instruct lineage decisions in retinal progenitors by suppressing alternative non-cone cell fates.
Material and methods

Animals
The mice used in these studies for isolation and characterization of RSCs and RSC-derived rod and cone photoreceptors include C57BL/6, Actin.gfp (This transgenic mouse line, with an "enhanced" GFP (EGFP) cDNA under the control of a chicken beta-actin promoter and cytomegalovirus enhancer, has widespread EGFP fluorescence, with the exception of erythrocytes and hair), Actin.yfp (constitutively express YFP in all cells) and CCDC 136 −/− mice (Smiley et al., 2016b) . Experimental procedures were performed in accordance with the Guide to the Care and Use of Experimental Animals and approved by the Animal Care Committee at the University of Toronto.
Cell culture
RSCs were derived from the ciliary epithelium of adult mice (male and female, minimum 6 weeks old), or from E14 presumptive ciliary marginal zone epithelium, as described previously (Coles et al., 2006) . Neural retina progenitors were derived from the neural retina tissue of the E14. Cells were plated in serum free media (SFM) on non-adherent tissue culture plates (Nunc; Thermo Fisher Scientific) at a clonal density of 10-20 cell/μL + Fibroblast Growth Factor and Heparin.
Differentiation
For differentiation, individual RSC spheres were selected after 7 days of primary culture. Spheres were derived from Actin.gfp mice to confirm appropriate sub-cellular localization of protein products on immunofluorescence and spheres from C57BL/6 were picked on average 80-100 μm. Spheres (1-2/well) were plated on laminin (50 ng ml −1 , Sigma)-coated 24-well plates (Nunc). Following four days of culture in SFM plus FGF2 (10 ng ml −1 , human recombinant; Sigma) and heparin (2 ng ml −1 ; Sigma) to encourage sphere adhesion and spreading, the media was replaced with the rod-induction media (refreshed every four days): SFM plus taurine (100 μM; Sigma), retinoic acid (RA) (500 nM; Sigma), FGF2/heparin (FH), as described previously (Ballios et al., 2012) . Pan-retinal differentiation media includes 1% FBS (Invitrogen, Burlington, ON) and FGF2/heparin. For cone differentiation: Pan-retinal conditions + COCO 50 ng/mL (R&D Systems 3356-CC) were used for 28 or 45 days. COCO was added from day 0 of the differentiation. For experiments involving sonic hedgehog signaling blockade, cyclopamine (1 μM; Toronto Research Chemicals, Inc.) was added beginning at either 0 days or 14 days of differentiation according to the schema outlined in Fig. 5 , A. Cyclopamine dose was based on dose-response for pan-retinal cell survival at 14 days of differentiation (data not shown).
Immunostaining
Cells were rinsed with PBS, followed by 4% paraformaldehyde for 10 min at room temperature. Cells were permeabilized with 0.3% Triton X-100 for 10 min and pre-blocked with 5% normal goat serum for 1 h at room temperature. Primary antibodies, rabbit anti-cone arrestin (AB15282, 1:2000; millipore), rabbit anti-S-opsin (Ab81017, 1:100; Abcam), mouse anti rhodopsin (MAB5316, RetP1, 1:250; Millipore), mouse anti RPE65 (MAB5428, 1:250; Millipore), mouse anti-Pax6 (1:400; Developmental Studies Hybridoma Bank, Iowa City, IA), PKC (ab19031, 5 μg/mL), MITF (ab12039, 1 μg/mL), mouse anti-CRALBP (1:500; Abcam, Cambridge, MA), mouse anti-calbindin (1:500; Sigma) and Rhodamine peanut agglutinin (RL-1072, Vector laboratories) were reacted for 1 h at room temperature or overnight at 4°C. Samples then were incubated with Alexa Fluor secondary antibodies conjugated with Alexa488, Alexa568, or Alexa647 (all 1:400) (Life Technologies) for 1 h at room temperature. Nuclei were stained with Hoechst dye 33,258 (Sigma) (Bazhulina et al., 2009) . Cell staining was examined under a fluorescence microscope (Axio Observer D1; Carl Zeiss) with AxioVision 4.8 software (Carl Zeiss).
Retroviral clonal labeling
Proliferating RSC progeny were labeled using a GFP-expressing retrovirus 12 h after plating in rod differentiation or pan-retinal differentiation conditions. Retrovirus was prepared as previously described (Holowacz et al., 2011) . Concentrated aliquots of virus from a single stock were serially diluted in SFM immediately before use. A dilution of approximately one viral particle per well reliable produced 0-to-1 labeled clone. Media was changed after 48 h. Cells were fixed and clones analyzed by immuno-staining at 28 days of differentiation (a time sufficient to produce mature, post-mitotic, RSC-derived rods (Ballios et al., 2012) ). Clone survival rates were calculated taking into account the plating efficiency in terms of the number of wells with single cells at 16 h post-FACS, and the survival of those clones at the end of differentiation.
Flow cytometry, sorting and labeling cells
For pigmentation sorts, RSCs spheres were dissociated into single cell and cells were sorted based on forward and side scatter without the use of surface markers using a FACS Aria (BD Biosciences) (Fig. S2 A-D) (Ballios et al., 2012 
Quantitative RT-PCR
RNA was extracted using NORGEN BIOTEK RNA extraction kit (Cat# 35300) with DNase to remove genomic DNA contamination. RNA was quantified using Nanodrop and a specified amount of cDNA was reverse-transcribed using Superscript III (Invitrogen#18080-051). PCR was carried out using standardized TaqMan Gene Expression Assays in a 7900HT Fast Real-Time PCR System (Applied Biosystems). Quantification was performed using the delta Ct method with Hprt, Beta actin or Gapdh as an endogenous control, and neural retina tissue as calibrator.
RNA sequencing
The transcriptome of 3 groups (and 3 independent biological experiment in each group): CCDC-RSCs, CCDC-COCO-cones, and CCDCendogenous cones were compared. CCDC 136 −/− mice express GFP in their cone photoreceptors (Smiley et al., 2016b) . We took advantage of GFP marker to purify endogenous cones and RSC-derived cones from CCDC 136 −/− mice for FACS ( Fig. S2 B and C ). High quality total RNA (RIN: 9-10) was subjected to directional RNA-sequencing library construction from three independent biological replicates. Sequencing was performed using GAIIx (Illumina, Inc., San Diego, CA; www.illumina. com). FASTQ files were generated from reads passing Chastity filter and analyzed for differential expression and PCA analysis.
Correlation at pathway activity level
We employed the BioConductor package of Gene Set Variation Analysis (GSVA) with the ability to perform pathway analysis on individual samples. GSVA was performed using the CPM-normalized and log2-transformed gene expression values of all samples with the following pathway gene set database: Mouse_GOBP_AllPathways_no_ GO_iea_October_01_2016_symbol.gmt (Merico et al., 2010; Hänzelmann at al., 2013) . GeneSet size was limited to a range of 10-200 genes.
GeneSet size was limited to range 10-200. 2000 permutations were carried out. Using the gmt file and same parameters as for GSEA the pathway activities of each cone samples in our study was calculated. The rank file generated for the reference dataset was used for GSEA calculation and served as reference in correlation analysis.
Determining differentially expressed (DE) genes and ranks
The standard method in the EdgeR software, Quasi-likelihood F-test, was used for DE determination in edgeR, because we have the minimal number of samples required (minimum 4 samples total and at least 2 per group) and it is more stringent than the classical and likelihood ratio methods. The ranking score for each gene is generated by p-values and fold changes from the analysis with the following formula:
Sign (logFC) determines the direction of the change with +ve as upregulation and −ve as down. −log 10 (p-value) determine the scale of ranking, the lower the p-value, the higher the score. The genes are ordered from top up-regulated to down-regulated ones as rank files.
Lists of differentially expressed genes
DE genes from all 3 comparisons with false discovery rate or FDR qvalue < 0.05 are listed and ranked by logFC (log 2 of Fold Change). The tables include logFC, rank scores, p-values, and FDR q-values. Top 20 regulated genes are listed here for each comparison. In each comparison we compared two types of cells, the genes are labeled in black for one cell type and blue for the other.
Total 3 comparisons are: 1) Endogenous Cone vs COCO Cone (Table 1) ; 2) CCDC-RSC vs COCO Cone (Table 2 ) and 3) CCDC-RSC vs Endogenous Cone (Table 3) . 
Cell counts and statistics
All cell counts and pooled data are presented as averages with standard errors of the mean (SEMs). Statistics were performed using R (V 2.15.0) and Prism 5. Significance is noted using Student's t-test to compare two groups, or ANOVA when comparing three or more groups, with Tukey-Kramer post-hoc analysis (Bonferroni-adjusted p-values) for pairwise comparisons, where appropriate. Significance was noted for pvalues < 0.05.
Results
RSC progeny can be biased towards rod or cone fates
In order to understand if early exposure to exogenous factors could bias RSC progeny fate, primary cultures of dissociated ciliary epithelium from adult mice were treated with T + RA + FH or FH-only during the standard 7-day sphere forming assay (14, 21). Our previous work showed that FH alone does not affect rod differentiation or pigmentation (Ballios et al., 2012) . There was no difference in the number of clonal RSC sphere colonies (Fig. 1A ), which were of similar size (99 ± 13 μm in FH-only vs. 103 ± 11 μm in T + RA + FH). Clonal RSC spheres are composed of both neural retinal (non-pigmented) and RPE (pigmented) progenitors (Coles et al., 2006) . The pigmented progenitors lose their pigments in culture conditions while maintaining the expression of RPE markers such as MITF ( Fig. S1B and C) . Next, we used Actin.yfp mice, a transgenic mouse line with an "enhanced" YFP (EYFP) with widespread YFP fluorescence. The advantage of using Actin.yfp cells is easier visualization of pigmented cells, as pigment absorbs YFP fluorescence. Thus, the degree of pigmentation in mixed spheres can be easily visualized. Spheres derived in T + RA + FH exhibited less pigmentation than FH-derived spheres, and thus may contain more nonpigmented progenitors than pigmented progenitors (Fig. 1C ). When T + RA + FH-derived spheres (rod "lineage-primed" spheres) were differentiated in 1%FBS + FH for 40 days, the percentage of cells expressing Rhodopsin (a rod photoreceptor marker) was increased and RPE65 (a RPE marker) decreased compared to FH-derived spheres differentiated in 1%FBS + FH (Fig. 1B for quantitative data and Fig. 1E for immunocytochemical images). We and other groups have shown that RSC derived progeny treated with T+ RA express the Nrl and Rhodopsin genes (Demontis et al., 2012; Ballios et al., 2012) , but do not express other retinal cell type specific genes (Ballios et al., 2012) .There were no differences in total cell numbers of the minor populations expressing Pax6 (retinal progenitors and small numbers of differentiated amacrine cells), calbindin (interneurons), or CRALBP (Müller glia) (Fig. 1B) .The increased number of rods arising from progenitors primed in T + RA at the expense of RPE differentiation suggests that these factors are instructive for the production of neural retinal progenitors during clonal RSC sphere formation, or at least critical for directing early lineage decisions between fate-restricted progenitors in vitro.
To evaluate the effect of COCO on adult RSC differentiation, we first tested different concentrations of COCO during the differentiation of clonal spheres derived from RSCs (Tropepe et al., 2000; Ballios et al., 2012). We found that a 50 ng/mL or higher concentration of COCO (+FH + 1%FBS) induced cone differentiation to approximately 60% of RSC progeny during a 28-day differentiation period, measured by cone arrestin expression, a mature marker of cone photoreceptors (Fig. S1A) . Furthermore, protein kinase (PKC), a bipolar cell marker, was not expressed or detected in cells cultured in COCO conditions ( Fig. S1D and E). In pan-retinal differentiation conditions (1% FBS + FH) alone, RSC progeny produced < 1% cone arrestin positive cells (Fig. 1D ). In contrast, following 28 days of COCO treatment (COCO +1%FBS + FH), 56% of RSC progeny were positive for cone arrestin (Fig. 1D ) and 46%
were positive for S-opsin (Fig. 1D) . Given that the commercial primary antibodies that were available to co-stain the COCO-derived cells for both of these markers were from the same species, we instead tested whether there were any differences in the expression levels of cone arrestin versus S-opsin (Fig. 1E ). Immunofluorescence staining of Sopsin and cone-arrestin expressing cells are shown in Fig. 1E . None of the cells positive for these cone markers co-stained for Rhodopsin or RPE65 (data not shown). Important, similar to previous studies ( but do not elaborate an outer-segment like structures (Demontis et al., 2012; Ballios et al., 2012; Sparrow et al., 1990; McUsic et al., 2012; Ballios et al., 2015) . However, scaffolds in three-dimensional cultures help photoreceptors develop outer-segment like structures (McUsic et al., 2012) .
T + RA instruct RSC progeny to rods and COCO to cones
Two clonal approaches were used to investigate the possibility that T + RA + FH can encourage the specification of rod-specific progenitors. A fluorescent retroviral construct at limiting dilutions in vitro, allowed visualization of RSC progeny clones derived from single RSCderived progenitors. Clonality was achieved using limiting dilutions to give a virus titer that infected < 1 cell/well. Clone composition was divided into three categories: clones in which there were all Rhodopsin + cells (rod-only clones), mixed clones, and no Rhodopsin+ cells (nonrod clones). Comparisons of the frequency and character of clones fated for Rhodopsin-expression revealed enrichment in the percentage of rodonly clones between 1%FBS (13% of all clones) and T + RA (over 70% of all clones), without any effects on the survival of clones, the numbers of cells per clone or the total numbers of cells per well ( Fig. 2A and B and C) (> 40 clones in each condition, n = 3 independent biological replicates). This strongly argues against selective survival effects on rod progenitors or differential survival of post-mitotic rods within a clone as mechanisms for producing the increase in rod-only clones. Most interesting, when analyzing the composition of the individual mixed clones in both conditions (Fig. 3B and C) , we found that mixed clones in T + RA + FH conditions were predominantly Rhodopsin+ (> 80% of cells in the clones), while those in 1%FBS + FH conditions were only 10-20% Rhodopsin+, consistent with those values seen at the population level (Ballios et al., 2012) .
A second approach to analyze the cell biological mechanisms underlying rod progenitor specification made use of fluorescence-activated cell sorting (FACS) of dissociated, undifferentiated clonal RSC progeny. We sorted single non-pigmented or single pigmented retinal progenitors per well (see Methods), which were then treated with 1% FBS, T + RA, or T + RA + 1%FBS for 28 days of differentiation (Fig. 2D) . In pan-retinal differentiation conditions (1% FBS), clones derived from non-pigmented progenitors were distributed between non-rod and mixed clones, with a minority of rod-only clones (100% Rhodopsin-positive; n = 4 of 28 clones) (Fig. 2D ). Clones derived from pigmented cells in pan-retinal differentiation conditions never gave rise to rod-only clones, and only a minority of the clones were mixed. In T + RA conditions, all clones derived from non-pigmented progenitors (n = 34) were rod-only clones (100% Rhodopsin-positive), while those derived from pigmented progenitors (n = 47 of 48 clones) were almost all non-rod clones (Fig. 3A) . Of note, one rod-only clone was derived from a single pigmented cell in T + RA conditions (the largest of the pigmented cell-derived clones in T + RA conditions with 20 cells), suggesting potential neural lineage plasticity in very early pigmented progenitors (which may explain the decreased pigmentation within T + RA treated clonal RSC spheres - Fig. 1C ). Similar to T + RA treatment, in T + RA + 1%FBS all clones derived from non-pigmented progenitors (n = 34) were rod-only clones, while all those derived from pigmented progenitors (n = 48) were no-rod clones (Fig. 3A) . Clone sizes were similar among the groups, although the addition of FBS did produce a non-significant trend to bigger clones (Fig. 3A) . Survival rates of single cell clones one day after plating were similar between non-pigmented single cell clones in T + RA (7.0%), 1%FBS (8.9%) and T + RA + 1%FBS (10.2%); these single cells then proliferated to produce clones. These findings suggest that T + RA may instruct the early neural retinal progenitors produced by RSCs to become rod-specific progenitors in vitro.
Next, we explored the cell biological mechanism underlying cone progenitor specification. We again sorted undifferentiated clonal RSC progeny into single non-pigmented or pigmented progenitors, plated them at single-cell-per-well density and differentiated the clones in COCO or pan-retinal control conditions for 28 days. We found that only clones from non-pigmented progenitors (all 47 clones) in COCO contained cone arrestin positive cells. Interestingly, smaller sized clones (< 100 cells, n = 10 clones) were 100% cone arrestin positive. The larger clones were between 86%-96% cone arrestin positive (n = 37) after 28-days of differentiation ( Fig. 3D ; only clones < 600 cells are shown). All four groups exhibited similar average clone sizes, indicating that COCO does not cause differences in non-pigmented intra-clonal survival (Fig. 3E) . Similar percentages of non-pigmented clones present at day 1 of plating survived to the end of the 28-day differentiation period in pan-retinal and COCO conditions, suggesting that COCO does not cause differences in inter-clonal survival (Fig. 3F) . We hypothesize that during 28-day incubation with COCO, larger clones may still contain a majority of immature precursors, which do not yet express cone arrestin, or alternatively larger clones might be earlier progenitors that already have committed their earliest progeny to other retinal cell fates such as retinal ganglion cells and thus COCO may not have inhibitory effects on those specific cells. These data suggest that COCO Single-cell per well analysis revealed that clones derived from non-pigmented progenitors in 1%FBS + FH were composed of mixed and no-rod clones, with a minority of rod-only (100% Rhodopsin+) clones. Those derived from pigmented cells were mostly no-rod clones, with only a minority of mixed clones. In T + RA, all clones derived from non-pigmented progenitors were rod-only clones, while those derived from pigmented progenitors were predominantly no-rod clones (no Rhodopsin+ cells). may act only on non-pigmented progenitors to produce cone specific progenitors in vitro.
Fetal and adult progenitors respond identically
To determine whether the rod lineage induction effects of T + RA observed with adult RSC-derived progenitors are applicable to the multipotent precursor cells that build the retina during development, we isolated clonal RSCs from the presumptive ciliary margin of 14 dayold embryos (E14), as well as neural retinal progenitor cells from the developing retina. This early embryonic time point was chosen before rods are normally produced in the developing retina, to test the hypothesis that exogenous factors also could instruct early embryonic retinal progenitors born in vivo. Cultures of clonal non-pigmented E14 neural retinal progenitor cells or E14 RSCs in T + RA for 28 days resulted in rod differentiation to > 90% of progeny, similar to adult RSC cultures (Fig. 4A) . This reinforces the similarity between newborn progenitors from adult RSCs and early embryonic RSC-derived retinal progenitors. E14 RSC progeny was also subjected to a pulse of T + RA early in differentiation (a "lineage-priming" regime) similar to experiments performed on early adult RSC progeny (Fig. 1B) . In keeping with these results, E14 RSC progeny showed more biased rod differentiation when primary cultures were primed with T + RA (over days 0-3 only of 7-day sphere growth) and then differentiated in 1% FBS + FH for 28 days (Fig. 4B ) compared to cultures not primed before differentiation. This propensity for lineage priming suggests that early retinal progenitors from developing retina show a similar readiness for instruction to a rod fate as those progenitors derived from the early asymmetric divisions of adult RSCs.
A similar result was obtained when clonal neural retinal progenitor spheres derived from E14 embryos were exposed to COCO during differentiation. Over 90% of E14 neural retinal progenitor cell progeny expressed cone arrestin and S-opsin when treated with COCO ( Fig. 4C  and D) . < 5% of neural retinal progeny expressed cone arrestin in panretinal conditions (Fig. 4C and D) . These data suggest that the effects of COCO on adult RSC-derived progenitors are similar to those on embryonic neural retina progenitors. Taken together, these data reinforce the similarity between newborn progenitors from adult RSCs and early embryonic retinal progenitors in culture conditions. 
Sonic hedgehog regulates proliferation in the early progenitor expansion phase of RSC progeny differentiation
The sonic hedgehog (Shh) pathway increases the proliferation of retinal progenitors, while inactivation of Shh decreases the number of progenitors (Wall et al., 2009; Wang et al., 2005) . We hypothesized that similar to retinal development, Shh signaling would be critical in the early progenitor expansion phase of RSC differentiation. Cyclopamine was used to antagonize hedgehog signaling in differentiating cultures (Fig. 5A) . Blockade of Shh reduced the expansion of RSC-derived progenitors (decreased absolute numbers of cells and Ki67 staining by 50%, Fig. 5B and C, n = 3 independent biological replicates) specifically in the first two weeks of differentiation, with no effect on the percentages of cell phenotypes assayed at 2 or 6 weeks ( Fig. 5D-G) . This suggests that the composition of the progenitor pool, as well as rod fate specification, was unaffected. Taken together, these results demonstrate the double dissociation of two distinct processes in RSC differentiation: progenitor expansion by Shh and fate change by T + RA signaling.
T+ RA act on early retinal progenitors, while COCO is required throughout the differentiation
To confirm our hypothesis that the effect of T + RA on rod fate bias was specifically on early progenitors, we subjected adult RSC progeny to pulses of T + RA in culture at progressively later time points in differentiation (Fig. 6A) . Pulses of T + RA on late progenitors (11-14 days of differentiation versus 7-10 days of differentiation) in culture showed progressively decreased bias for rod differentiation with the later pulses (Fig. 6B) , suggesting T + RA does not act instructively on late retinal progenitors to bias rod differentiation. Taken together with our earlier T + RA priming experiments (Fig. 1B) these data strongly argue against the selective survival of a late progenitor or postmitotic cell as a mechanism for rod-enrichment within clones.
To investigate the temporal window during which COCO influences cell fate during differentiation, we treated RSC derived spheres with or without COCO at different time points throughout the differentiation period (first two weeks of differentiation, last two weeks of differentiation or the entire period of differentiation). > 50% of RSC progeny expressed cone arrestin and S-opsin only when cells were treated with COCO throughout the entire differentiation period (Fig. 6C) . However, these cone markers were never detected when COCO was present only at the beginning or late in the differentiation period. Thus, COCO must be present throughout the 28-day differentiation period to bias cone production. Fig. 4 . E14 RSC or neural retinal progenitor spheres exhibit similar differentiation and rod-lineage priming effects of taurine and retinoic acid, and E14 neural retina progenitor spheres show similar cone differentiation patterns in COCO to RSC progeny. (A) Clonal E14 neural retinal progenitor cell (RPC) spheres were subjected to standard sphere growth conditions before differentiation for 28 days in pan-retinal or rod-inducing media. These neural retinal progenitors also showed enrichment for rod differentiation when subjected to T + RA compared to pan-retinal differentiation media. Two-way ANOVA revealed a significant interaction of cell type and differentiation conditions on Rhodopsin expression levels F (1, 17) = 6.95, p = 0.0003; Tukey-Kramer post-hoc, p = 0.0001. Means ± SEMs of n = 3 independent biological experiments. (B) RSC clonal spheres derived from E14 presumptive ciliary marginal zone epithelium were subjected to standard sphere growth conditions (0-7d FH) before differentiation for 28 days in either pan-retinal (1%FBS + FH) or rod-inducing (T + RA + FH) media. The enrichment of E14 RSC-derived rods demonstrates that T + RA also has a rod-inducing effect on progenitors derived from RSCs that are isolated during embryonic development from the growing eye. Cultures also were subjected to priming in T + RA (0-3d) at the start of clonal RSC sphere growth, and demonstrated rod enrichment in subsequent differentiation in pan-retinal conditions (1%FBS + FH), relative to RSC spheres that lacked priming. Two-way ANOVA revealed a significant interaction effect of sphere growth conditions (i.e., primed with T + RA, days 0-3 of initial sphere growth or not) and post-sphere differentiation conditions on percentages of cell expressing rhodopsin F (1,15) = 7.33, p = 0.0002; Tukey-Kramer post-hoc, p = 0.0001. Data represent means ± SEMs of n = 5 independent experiments. (C) Clonal non-pigmented spheres derived from E14 neural retina tissue were exposed to COCO or pan-retinal control differentiation conditions for 45 days. The vast majority of progeny in COCO were cone arrestin positive compared to 5% positive in pan-retinal conditions (t-test, p = 0.0001). (D) Neural retina spheres treated with COCO were largely positive for S-opsin, while < 2% were positive in pan-retinal control (t-test, p = 0.0001). Data represents means ± SEMs (* p < 0.05).
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RSC-derived cones exhibit similar transcriptomes to those of endogenous cones
To examine the overall gene expression similarities between adult RSC-derived cones and endogenous cones, we used adult CCDC136 −/− mice, which express GFP specifically in cones and a sub-population of bipolar cells (Smiley et al., 2016a) . To isolate only cones, we sorted both RSC-derived and endogenous cones for GFP and peanut agglutinin (a mature cone marker) (Fig. S2 B and C, see Materials and Methods) (Smiley et al., 2016a) . Principal component analysis of RNA sequencing data revealed very similar transcriptomes of the adult RSC-derived cones to their endogenous counterparts (the adult stem cell derived cone transcriptome samples encircle the endogenous cone gene expression samples - Fig. 6D ). Analyses of gene pathway activities are thought to provide a more robust measure of correlation between samples in RNA sequencing experiments. Therefore, using GSEA (gene set enrichment analysis), we performed pathway analysis on our endogenous and RSC-derived cones and correlated this with sequencing data of endogenous photoreceptors from a separate and independent reference database (Mo et al., 2016) . These data show that both our endogenous and RSC-derived cones are highly correlated at the gene pathway level with the reference cones and not with reference rod photoreceptors (Fig. S3) . 11 out of the top 20 differentially expressed genes were identical in endogenous and RSC-derived cones when compared to the starting RSC-derived sphere colonies, supporting the transcriptomic similarities between endogenous and RSC-derived cones (Tables 1 and 2 ). Additionally, the top 20 differentially expressed cone genes in Tables 1 and 2 had an average of 9-fold change (up-regulation), whereas the top 20 differentially expressed genes in Table 3 between endogenous and RSC-derived cones had an average of 4-fold change. Given the proposed similarities between endogenous and RSC derived cones, we would predict there to be smaller fold changes in their differential expression. The cone transcriptomes are clearly separated from the RSC-derived sphere transcriptomes (Fig. 6D) . Moreover, the transcript of rod specific genes such as Rho, Nrl, Nr2E3, Rod arrestin, PDE beta and CNGB1 was not detected by RNA sequencing, suggesting specificity of cone photoreceptor enrichment during differentiation with COCO.
Due to sensitivity and specificity, we used qRT-PCR to validate the RNA Sequencing result. Retinal stem cell cone progeny showed high gene expression of Crx, cone arrestin (Arr 3), S-opsin and M-opsin only when cells were exposed to COCO throughout the entire differentiation period (Fig. 6E) . Furthermore, Rho, Nrl, NR2E3 and GNGT1 (rod specific genes) were not detected in RSC-derived cones (Fig. 6E) , while rod genes were present in T/RA induced rods (Ballios et al., 2012) . Pax6 and Vsx2 were down regulated by the end of the differentiation periods, suggesting a loss of retinal multipotency (Fig. 6E) . The effects of COCO on the differentiation of RSC progeny suggest that it act instructively to suppress alternate retinal fates throughout the differentiation period. Our results suggest that cones might be the default pathway for nonpigmented retinal progenitors consistent with previous studies (Mears et al., 2001; Brzezinski and Reh, 2015; Szel et al., 1994) and that the continued suppression of instructive signals for other non-cone retinal fates may allow the production of large cone-only clones with similar transcriptomes to those of endogenous cones.
Finally, we exposed non-pigmented RSC progeny to both T + RA and COCO simultaneously during differentiation (Fig. 6F) . The vast majority of post-mitotic cells expressed rod rhodopsin rather than cone arrestin. This reinforces our observation that T + RA acts in an instructive manner to bias rod fate, and does so despite the presence of COCO.
Discussion
COCO acts instructively to continually suppress alternate fates throughout the differentiation period
It may be informative to conceptualize rod and cone differentiation as possessing both "mechanisms" (instructive or permissive) and "modes" (lineage-restricted or lineage independent). A priori, three alternative models might explain how directed RSC progeny differentiation can produce rod or cone-enriched cultures (Fig. 7) . Our results with clonal analyses of rod and cone differentiation after T + RA or COCO, respectively, argue for an instructive, rather than a permissive (i.e., selective survival) mechanism of differentiation, as the overall absolute cell survival as well as inter-and intra-clone survival did not vary among differentiation conditions. This makes the permissive Model 1 unlikely. Model 2 suggests that T + RA and COCO instruct the fate of multipotent progenitors at every division to produce rod or cone precursors, respectively. Indeed, this mechanism is consistent with the finding that COCO must be present throughout the differentiation period in a lineage independent fashion to inhibit more instructive signals from biasing differentiation towards alternative non-cone retinal fates and allowing the default to a cone cell fate (and thus support Model 2 for cone differentiation in COCO).
T + RA acid acts directly on RSC progeny in an instructive/ lineagerestricted manner
However, the results of the lineage priming experiments on rod differentiation suggest that the effect of T + RA is on early, not late, progenitors. If multipotent progenitors were maintained throughout T + RA-induced differentiation, then we would expect clones with at least a small number of Rhodopsin-negative cells in the single-cell-perwell differentiation assays. These results make Model 2 unlikely for T + RA induced rod differentiation. Our data satisfy all of the criteria for Model 3, suggesting an early effect of T + RA (on early retinal progenitor cells) in instructing the production of rod fate-restricted early proliferative progenitors, which divide symmetrically to produce rod-only clones. The single large clone consisting of all rod photoreceptors that came from a single pigmented cell may indicate an instructive effect on retinal stem cells themselves. However, the lack of a Fig. 5 . Sonic hedgehog regulates proliferation in the early progenitor expansion phase of RSC progeny differentiation in T + RA. (A) Cyclopamine (Cyclo) was used to antagonize sonic hedgehog (Shh) signaling in differentiating cultures of RSC progeny according to this experimental schema. The effect of hedgehog blockade was evaluated in terms of absolute numbers of cells/well, expression of mature and progenitor cell markers (Rhodopsin and Pax6, respectively), and cell proliferation markers (Ki67). The first two weeks of differentiation are marked by significant proliferation under the influence of 1%FBS. * Represents time points for experimental analysis. Quantification of the absolute numbers of cells/well and the Rhodopsin expression in cultures at 14 (B and C and D) and 44 (C and E) days of differentiation. The overall proliferation in these cultures was decreased when cyclopamine was present in the first two weeks, specifically. This effect can be observed directly at 14 days in cultures treated with cyclopamine in (B), (Two-way ANOVA, main effect of sphere growth condition (F(3,45) = 17.93, p = 0.001), and main effect of cyclopamine (F(1,45) = 14.91, p = 0.0003), but no significant interaction effect (F(3,45) = 0.62, p = 0.09) on absolute numbers of cells/well) and C, (One-way ANOVA, shows an effect of condition (F(6,31) = 30.08, p = 0.002) on absolute numbers of cells/well; Bonferroni's post-hoc, p = 0.02). (D and E) Treatment with cyclopamine had no significant effect on rod phenotype in the immature (14 days) and mature cultures (44 days) (ANOVA analysis). (F and G) Quantification of Pax6 and Ki67 expression at 14 days showed a decrease in cell proliferation when cultures were treated with cyclopamine; in G Two-way ANOVA, main effect of cyclopamine, F (1, 23) =21.23, p = 0.003. Means ± SEMs of n = 3 independent experiments. Fig. 6 . Taurine/retinoic acid act instructively on early retinal progenitors to bias rod differentiation, while COCO is required throughout the differentiation period in order for RSC progeny to develop cone phenotypes with similar transcriptomes to endogenous cones. Rod differentiation outcompetes cone differentiation. (A) To test the effect of late pulses of T + RA exposure on rod lineage priming in RSC-derived progenitors, the schematic shows RSC-derived progenitors treated in pan-retinal conditions (1%FBS + FH) with 4 days of pulses of T + RA at 7-10 days and 11-14 days of differentiation. (B) T + RA is unable to bias rod fate when pulsed at later time points, demonstrating that the effect of T + RA on lineage priming of rod-restricted progenitors is likely an effect on relatively early progenitors, Means ± SEMs of n > 6 wells in each condition across n = 3 independent biological replicates (t-test, p = 0.001). (C) RSC progeny expressed cone arrestin and S-opsin only when cells were treated with COCO throughout the entire differentiation period (One-way ANOVA p < 0.0001). (D) Principal component analyses (PCA) of whole transcriptome data from undifferentiated clonal RSC colonies, RSC-derived cones and endogenous cones. The transcriptomes of adult RSC-derived cones clustered around their endogenous counterparts, and are distinct from the RSC-derived sphere transcriptomes. (E) RNA expression revealed that Crx (t-test, p = 0.003) and cone arrestin (Arr3) expression increased significantly (t-test, p = 0.0027) when RSC progeny were treated with COCO throughout the entire differentiation period compared to pan-retinal differentiation conditions. The expression of M and S opsin markedly increased under COCO differentiation conditions (t-test, p = 0.007). On the other hand, Pax6 and Vsx2, retinal precursor genes, were decreased at end of differentiation. Data represent means ± SEMs of n = 3 independent biological replicates. (* p < 0.05). (F) Non-pigmented RSC progeny were differentiated in pan-retinal conditions, COCO, or a combination of COCO and T + RA simultaneously for 45 days. Cells exposed to COCO alone expressed cone arrestin. On the other hand, cells differentiated under the combination of COCO + T + RA expressed rhodopsin. We suggest that COCO may serve to instruct a cone fate by suppressing instructive signals for other non-cone retinal fates, and is overwhelmed by the additional presence of exogenous T + RA. However, it also may be that T + RA act intracellularly, and thus the effect of T + RA on promoting rod fate in the presence of COCO inhibition may simply be the result of T + RA action downstream of COCO inhibition at the cell membrane receptor. Nevertheless, these findings emphasize that COCO must be active continuously to block other extracellular instructive differentiation signals.
remaining undifferentiated cell (the stem cell) in this clone and the low frequency of RSCs compared to RPE progenitors might suggest instead that an early RPE progenitor was instructed to produce a large rod-only clone in T + RA.
Our results indicate that exogenous factors can influence retinal progenitor fate restriction and, moreover, that rod and cone lineagerestricted cells may exist during retinal stem cell differentiation in vivo. Moreover, there is a striking similarity between adult RSC-derived photoreceptor differentiation, and photoreceptor differentiation from embryonic neural retinal progenitor cells in vitro, in terms of their differentiation potential (Altshuler et al., 1993; Kelley et al., 1994) and factors governing progenitor proliferation (Wang et al., 2005) . The early in vivo birth of cone photoreceptors compared to other retinal cell types might be explained by a default of some retinal progenitors to cone fate before the instructive signals for other retinal lineages are turned on (Akimoto et al., 2006; Mears et al., 2001; Brzezinski and Reh, 2015) .
Much of our analyses of cell type composition in varying differentiation conditions utilize immunofluorescence and qPCR-based methods, which limit one to a small number of specific retinal markers. Therefore, we carried out RNA-sequencing to allow for a more robust and complete evaluation of how transcriptionally similar the cones we make from stem cells are to their endogenous counterparts in the mature retina. These data show that, at both the level of individual genes and genetic pathways, the RSC-derived cones are highly correlated with cones isolated from the mature mammalian retina (Figs. 6D, S3 ). Furthermore, through comparison to the initiating and undifferentiated retinal progenitors, RNA-seq may enable us to identify novel markers involved in cone development and function. It is noteworthy that of the top 20 differentially expressed genes (compared to RSC spheres), 11 are shared between RSC-derived and endogenous cones. While none of these appear known to be involved in cone development or function, the large overlap warrants further investigation. Furthermore, the sequencing data from cones encourages similar analysis on rods derived from RSCs.
Conclusion
Overall, these results also contribute to the resolution of conflicting models of cellular determination in the retina, by showing that there may exist numerous pre-programmed (lineage-restricted) progenitors for various retinal lineages. In this study, we demonstrate instructive environmental cues influencing specific fates among retinal progenitors. Our results are consistent with the model developed by (Cepko et al., 1996 ), as we demonstrate that it is early, rather than late, progenitors in vitro that are able to respond to environmental cues to undergo lineage restriction to rod-specific retinal progenitors (Cepko et al., 1996) . Taken together, analyses of RSC and neural retinal progenitor differentiation represent a tractable system for studying the response of rod and cone-restricted progenitors to environmental cues at the clonal level, and the molecular mechanisms by which uncommitted progenitors make the decisions between proliferation, survival, and fate selection.
Fig. 7.
Alternative models of directed photoreceptor differentiation from RSC progeny. Model 1 represents a permissive mechanism and lineage-restricted mode of differentiation; Model 2 represents an instructive mechanism and lineage-independent mode of differentiation; while Model 3 represents an instructive mechanism and lineage-restricted mode of differentiation. Our results with retroviral clonal analysis and single cell per well analyses support an instructive, rather than a permissive model for rod differentiation. Our data fit Model 3 suggesting an early effect of T + RA in instructing the production of rod-fate-restricted proliferative progenitors, which then divide symmetrically to produce rod-only clones. In the case of cones, our clonal analyses show that there is no difference in survival between non-pigmented progenitors in COCO or pan-retinal conditions, suggesting that COCO does not cause differences in inter-or intra-clonal survival. Moreover, COCO must be continuously present throughout the differentiation period, suggesting that it may act to promote the cone fate of the non-pigmented progenitors through suppression of alternate retinal fates. These findings support an instructive mechanism and lineage-independent mode of differentiation for cone photoreceptors (Model 2).
